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The 500 MHz 5-cell superconducting RF (SRF) cavity was designed aiming to be a candidate cavity for high 
current accelerators. A copper prototype cavity and a niobium cavity were fabricated at SINAP in 2012. In 
order to ensure these cavities get the desired frequency and a good field flatness higher than 98%, frequency 
control was implemented in the manufacturing process and pre-tuning has been done using a simple pre-tuning 
frame based on the bead-pull pre-tuning method. Then, TMo10-7 mode frequency within 5 kHz from the target 
frequency was achieved and the field flatness reached 98.9% on the copper prototype cavity. Finally, the same 
procedure was applied to the niobium cavity to obtain a field flatness better than 98% which benefited the cavity 


performance in the vertical testing. 
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I. INTRODUCTION 


For a multi-cell superconducting RF (SRF) cavity, the cells 
differ a little from each other in the shape owing to machi- 
ning errors in their deep-drawing, hence the cavity’s resonant 
frequency deviation from the design, and different amplitudes 
of the accelerating electric field in the cells. This may cause 
many problems: the accelerating electric field Facce cannot be 
maximized, and the peak surface EM fields Epeak and Bpeak 
cannot be minimized. These can be tackled with frequency 
control in the whole process and eventual pre-tuning proce- 
dure. 


Frequency control is an essential part in producing an SRF 
cavity. Pre-tuning of the cavity can regulate the resonant fre- 
quency and field strength distribution of the cavity [1]. It is an 
effective way to obtain a uniform and perfect field of the cavi- 
ty and make it resonate at a desired frequency. The bead-pull 
method is a widely adopted way of pre-tuning SRF cavities 
of different kinds [2—4]. 


The resonant frequency of the 500 MHz 5-cell SRF cavity 
is lower than those of the 700 MHz and 1.3 GHz cavities. This 
means lower BCS surface resistance at the same temperature, 
larger aperture and longer accelerating gap. It is advantageous 
in its low cryogenic heat load, low power of high-order modes 
and high threshold current for accelerators, making it a pos- 
sible candidate cavity for high current and compact linacs. 
However, there are also many challenges in fabricating and 
pre-tuning the large size cavity. 
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Il. FREQUENCY CONTROL 


The operating frequency of the 5-cell SRF cavity is 
499.65 MHz at 4.2 K. The cavity shapes and length will defi- 
nitely determine the its frequency and affect partially its as- 
sembly to the cryostat. Thus, the frequency has to be precisely 
controlled in the whole procedure of manufacturing, inclu- 
ding trimming, electron beam welding (EBW), mechanical 
barrel polishing, buffered chemical polishing (BCP) etc. 

For the 500 MHz 5-cell cavity [5], according to our experi- 
ence in developing a 500 MHz single-cell cavity, the TMo10- 
m mode frequency at room temperature after EBW should be 
498.8 MHz so as to reach 499.65 MHz after assembling to the 
cryostat. A straight section on equator the single-cell could be 
adjusted to tune the frequency. CST simulation results sho- 
wed that the TMo10-0 mode frequency had the same variation 
as the TMo10-7 mode (Fig. 1). Therefore, we used a simple 
method to control TMo19-7 mode frequency: controlling the 
TMoi0-0 mode frequency. The frequency measurement was 
carried out on two assembled half-cells instead of an EBW 
dumbbell cell. The straight section on the end cell was chan- 
ged in length to regulate the field flatness. The EBW copper 
cavity had a TMo10-7 mode frequency of 497.62 MHz and 
field flatness of (91.7+0.6)% before pre-tuning. The frequen- 
cy deviation from target value was within 1.2 MHz, which 
was corrected in the latter pre-tuning process. 


HI. PRE-TUNING 
A. Review on pre-tuning theory 


The first thing of pre-tuning is to calculate the field flatness 
and the frequencies needed to tune each cell. When a metal 
bead passing through the axis of a cavity, the TMo 109-7 mode 
electric field shall be [6] 
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Fig. 1. Resonant frequency versus the length of the straight segment 
on the cell equator. 


tan(Ay), 
E’ xAfx? 1 (1) 
QL’ 
where Ay is the phase shift of S21 and Af is TMo10-7 mo- 
de frequency excursion of the cavity. By measuring Qz, and 
(Agmax)i (i = 1,2,..., N, is the cell number), one obtains 
the maximum phase shift of Cell i, (A fmax); and the relati- 


ve (Emax); Substituting (Emax); into Eq. (2) to calculate the 
field flatness 


N 
x ee (Emax)i 
Emax 


ff = x 100%. (2) 
The frequencies needed to tune each cell [7] can be calcu- 
lated by Eq. (3) 


(A fiune)i = AFT + (Afe)i; (3) 


where Af tune = (f, desid _ 1 oened) N ? J da and 1 modsined 
are the desired and measured frequency of the TMo10-7 


mode, respectively, and (Afe); is related to len 
(Af ee 

Pre-tuning a cell is a physical procedure: axially squeezing 
or stretching the cells to be tuned. Squeezing a cell lowers its 
resonant frequency, while stretching a cell increases its reso- 
nant frequency. So by pushing or pulling cells, the resonant 
frequency can be tuned to the desired frequency and a good 
field distribution can be obtained. 


d and 


B. Establishing pre-tuning frame 


A pre-tuning frame based on the bead-pull method was ap- 
plied to pre-tune the 500 MHz 5-cell cavity. Fig. 2 is the sche- 
matics, which includes the data acquisition of field distribu- 
tion and cavity frequency tuning. The hardware (Fig. 3) con- 
tains a perturbation bead, a computer, a vector network analy- 
zer (VNA), a step motor and its controller, etc. The software is 
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a LabVIEW and MATLAB hybrid codes. The LabVIEW co- 
de is performed for data acquisition between the VNA and the 
computer, and for the step motor control. The MATLAB co- 
de is used for calculation. In this pre-tuning frame, the VNA 
is set to work in the continuous wave mode [8] at the unper- 
turbed TMo109-7 mode frequency, and the step motor is set 
to move at a constant speed so that the perturbation bead pass 
through each cell in a uniform manner in fixed frequency. The 
phase shift when the bead pass through each cell is obtained 
from S51 curve. 


Fig. 3. (Color online) Bead-pull pre-tuning frame at SINAP. 


C. Pre-tuning of the copper prototype cavity 


Before making the niobium cavity, a copper prototype ca- 
vity was built to explore the fabrication procedures and de- 
velop the measurement techniques. The pre-tuning process 
executed on the Cu cavity showed that the ffeasueg Was 
497.618 MHz, and the reasonant frequencies of Cells 1, 2, 3, 
4 and 5 were lower than the target frequency by 0.181 MHz, 
0.271 MHz, 0.256 MHz, 0.297 MHz and 0.163 MHz, respec- 
tively. With frequency control, the field flatness of the cop- 
per cavity reached (91.7 + 0.6)% and frequency deviation 
from target was 1.2 MHz. The strong cell-to-cell coupling 
(ke = 3.18%) due to the cavity’s large aperture, and the 
deep-drawing technology employed also played an important 
role. 
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FREQUENCY CONTROL AND PRE-TUNING... 


Regulating cell by cell is an easy approach for pre- 
tuning [8, 9]. For the 500 MHz 5-cell copper cavity, Cells 2, 
3 and 4 were close to each other in A fune, with a differences 
of just 0.041 MHz, while Cells 1 and 5 were over 0.1 MHz 
less in A fune than other cells. We attempted to tune the ca- 
vity in two methods. One was to squeeze Cells 1 and 5 to 
enlarge their A fune to 0.27 MHz, so as to get a field flatness 
better than 98%, followed by stretching the whole cavity to 
increase the TMo19-7 mode frequency to 498.8 MHz. Howe- 
ver, after 600 °C annealing, the copper cavity was very soft. 
When stretching the whole cavity, deformation occurred on 
Cells 1 and 5, and the field flatness decreased to about 92%. 
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Fig. 4. TMoio — m mode frequency vs total length of the cavity. 
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Fig. 5. Field distribution of the copper cavity before pre-tuning and 
after pre-tuning. 


The second way was to pull the whole cavity from 
2221 mm to 2229 mm to reach 499.1 MHz, which is a little 
higher than the desired frequency (Fig. 4), followed by pu- 
shing Cells 1 and 5 to tune frequency to 498.8 MHz and to 
acquire a field flatness better than 98%. The field flatness of 
98.9% was achieved and the TMọo10-7 mode frequency was 
tuned to 498.798 MHz, being just 2 kHz lower than the desi- 
red frequency. The electric field distribution profile in Fig. 5 
was uniform, a nice field in good accordance with the simula- 
tion results [5]. After pre-tuning, the total length of the copper 
cavity returned back to 2224 um. The 5 modes frequencies of 
TMo10 measured by VNA after pre-tuning were given in Ta- 
ble 1. 


Nucl. Sci. Tech. 25, 030102 (2014) 


Tabelle 1. TMo10 mode frequency of the copper cavity after pre- 
tuning 


Modes Frequency (MHz) 
1/5 485.023 
2n/5 488.592 
37/5 493.263 
An /5 497.256 
T 498.798 


D. Pre-tuning of the niobium cavity 


Pre-tuning consequences of the copper cavity laid a 
solid foundation for pre-tuning the niobium cavity. For 
the 500 MHz 5-cell niobium cavity before pre-tuning, the 
Frreasured WAS 497.754 MHz, the reasonant frequencies of Cells 
1, 2, 3, 4 and 5 were 0.131 MHz, 0.241 MHz, 0.223 MHz, 
0.221 MHz and 0.225 MHz lower than the target frequency, 
respectively, and the field flatness was just 78.6%. It was pre- 
tuned in the similar way as the copper cavity. However, after 
680 °C annealing, the niobium cavity was still of high hard- 
ness. It was difficult to obtain plastic deformation by manual 
squeezing or expanding. So we decided to squeeze just Cell 
1 to get good field flatness and abandon the frequency adjust- 
ment. The tuning process is shown in Fig. 6. Eventually, the 
field flatness was tuned to 98.5%, and the TMoi9 — 7 mo- 
de frequency was 497.728 MHz, i.e. 1.1 MHz lower than the 
desired frequency. 


Phase (Degree) 
Phase (Degree) 
N 
© 


| BER 
1 7h] 
äi VAVAU AVAL 


2 3 
Point (x10°) 


(d) At the 3" squeeze, f}=92.9% 


Phase (Degree) 


3 
Point (10°) 


2 3 
Point (x 10°) 


(e) At the 4" squeeze, ff=95.5% (f) At the 5" squeeze, f/=98.5% 


— 


{\ 


; Tt 
i | 
AVA 


1} I| 
| | } | 
\ | | | 
1 \] f 
| 
0 VV 


Phase (Degree) 
yw 
o ð 
eae 
— 
——~ 
— > 
Phase (Degree) 
— N w 
So 6 
e 


© 


3 
Point (x10°) 


3 
Point (x10°) 


Fig. 6. Pre-tuning process of the 500 MHz 5-cell niobium cavity, by 
squeezing just Cell 1. 


After pre-tuning, vertical testing was done on the niobi- 
um cavity on December 17, 2012. A good result, Vac = 
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7.5MV@Q, = 1 x 10°, was achieved. The TMo10-7 mode 
frequency was approximate 498.3 MHz at 4.2 K. 


IV. CONCLUSION 


A large aperture 500 MHz 5-cell SRF cavity was designed 
and fabricated at SINAP. From the beginning, frequency con- 
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